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STATEMENT OF THE PROBLEM STUDIED
The objective of this project is to investigate a new class of high authority smart structures to isolate vibration (isolate main structure from disturbance source) and control vibration (of the sub-structure with disturbance source) simultaneously in a multi-mode environment. The idea is to develop novel piezoelectric networks and control schemes for variable-frequency disturbance absorptions and isolations. Analytical and experimental efforts are pursued starting from a single actuator -single frequency excitation scenario, and expanded to multiple excitation frequency situations and multiple actuator configurations. This research investigates some fundamental and critical issues that have not been addressed in current active control or smart structure studies.
These include: (1) create innovative piezoelectric network-based concepts and design schemes for multi-mode, multi-frequency, adaptable operations; and (2) develop control methodology to utilize the high authority characteristics of piezoelectric material-based actuators and the combined effect of both of their active and passive actions.
SUMMARY OF THE MOST IMPORTANT RESULTS
(1) Active-Passive Piezoelectric Network Controller for Vibration Isolation/Absorption of
Excitations with Varying Frequency
It has been shown that piezoelectric materials can be used as passive vibration absorbers when shunted by electrical networks. Semi-active piezoelectric absorbers have also been proposed for suppressing harmonic excitations with varying frequency. While these absorber concepts can be useful for developing narrow band vibration isolators, such passive and semi-active devices have limitations that restrict their applications. The new concept explored here is a high performance active-passive alternative that uses a combination of a passive electrical circuit and active control actions ( Figure 1 ). The active control consists of three parts: an adaptive inductor tuning action, a negative resistance action, and a coupling enhancement action. The active inductance is used to tune the piezoelectric absorber to track the disturbance frequency online via feedback control.
The performance and robustness of the absorber are further enhanced by using an active negative resistance to reduce the network inherent resistance (increase absorber vibration suppression/isolation performance by increasing its frequency domain narrow band "notch") and an active coupling feedback to enhance the electromechanical coupling. An optimal tuning law for a multiple-degrees-of-freedom system is derived using a quasi-steady-state approach.
Conditions under which the stability of the closed-loop system can be guaranteed are also derived. It is shown through parametric studies that the proposed design can greatly outperform two state-of-the-art control methods (Filtered-X and APPN) for vibration suppression, while requiring less control effort.
(2) A Multi-Loop Active-Passive Piezoelectric Network Isolator/Absorber for Multiple
Frequency Disturbance Rejections
Since disturbance sources with multiple varying frequencies do occur in many real world applications, the objective of this sub-task is to expand the active-passive absorber/isolator concept to address the multiple frequency issue. In this research, a new multi-frequency adaptive piezoelectric vibration absorber/isolator design is presented. It uses multiple-loop networks consist of passive shunt circuits along with adaptive active control laws, as shown in Figure 2 .
The active control law enhances the passive piezoelectric absorber in four ways: it adds an adaptive tuning ability by imitating a variable inductance, it reduces the effective resistance in the absorber circuit to increase performance, it increases the effective coupling of the system to increase robustness and performance, and it effectively decouples the dynamics of the individual circuit branches. This decoupling action allows the tuning of the multi-frequency absorber to be calculated using an analytical optimal tuning law. The stability criteria of the multi-frequency piezoelectric absorber device are also derived.
The proposed design is shown to be effective for simultaneously suppressing two harmonic excitations with time-varying frequencies. For the purpose of comparison, the adaptive feedforward Filtered-X algorithm is used as a baseline. It is shown that the multi-frequency adaptive piezoelectric absorber can achieve better performance while requiring less control power, compared to the Filtered-X algorithm. The design and analysis presented here can also be extended in a straightforward manner to cases with three or more excitation frequencies.
(3) Single Actuator Experimental Investigation and Parametric Study
Several conceptual designs of novel smart absorption/isolation devices have been explored. One is to utilize piezoelectric bimorph actuators and the other is to use piezoelectric stack actuators.
Experimental investigations on a single piezoelectric stack actuator test stand are conducted for both off-resonant and near-resonant excitations. The test stand is an active-passive mount incorporating a piezoelectric stack actuator (Figure 3 ). Both vibration control and isolation
actions are explored to demonstrate the versatility of the adaptive active-passive absorber. An inertial shaker is used to provide external disturbance. At the bottom of the test stand is a large spring-mass system simulating foundation dynamics. The active-passive mount, which is contained by two aluminum plates, is sandwiched between the vibrating source and the foundation. Between the plates is a piezoelectric stack actuator and four nylon struts, which are used to support the plate under moment and shear loads. The entire test stand is mounted on an optical isolation table. Since the frequency of the disturbance force is time varying, a frequencytracking algorithm is included in the controller. It is shown that the vibration control performance of the proposed active-passive system is quite significant compared to the optimal passive baseline systems, even when the excitation frequency is changing rapidly (Figure 4 ) -an over 80% vibration reduction can be achieved under various spin up rates.
(4) Multiple Actuator Systems on Complex Structures
In the above sub-tasks, only a single actuator is considered. In real world situations, normally multiple-actuator systems have to be used to effectively suppress vibration of complex structures. In this sub-task, the single adaptive absorber/isolator concept is expanded and developed for structures equipped with multiple actuators and circuits. The testbed structure used is a scaled helicopter tailboom with four built-in piezoelectric actuators ( Figure 5 ). Both analytical and experimental investigations are being pursued. A new optimal tuning algorithm is developed for the adaptive inductor tuning action. This algorithm accounts for manufacturing differences and the placement of multiple actuators. Distributed accelerometers and a modal filter are employed to obtain the modal coordinates required for the active coupling feedback.
This approach provides a viable alternative to a collocated displacement sensor for each actuator.
The structure is excited with a time varying frequency disturbance simulating a spin-up through a resonant frequency. With such a treatment, the analysis shows a 75% decrease in peak vibration as well as substantial broadband vibration reduction over the optimal passive baseline ( Figure 6 ). 
